A submerged dynamic membrane bioreactor (sDMBR) was developed to test the influence of attapulgite (AT) addition on the treatment performances and the microbial community structure and function. The batch experimental results displayed the highest UV 254 and dissolved organic carbon were observed in the sDMBR with AT addition, such as Bacteroidetes and Gamma proteobacterium in the dynamic membrane, which played an important role in the process of sludge granulation. Bacterial community richness significantly increased after AT addition with predominated phyla of Proteobacteria and Bacteroidetes. Similarly, species abundance significantly increased in the AT added sDMBR. Further investigations with cluster proved that AT was a favorite biological carrier for the microbial ecology, which enriched microbial abundance and community diversity of the sDMBR.
INTRODUCTION
Membrane bioreactor (MBR) is a promising wastewater treatment technology, as it provides a series of advantages of reliable effluent quality, small land-area occupation, and less sludge production (Holakoo et al. ; Williams & Pirbazari ) . However, shortages such as membrane fouling, membrane price and high-energy consumption limit the wide application of MBR (Meng et al. ) . The membrane used in MBR, generally flat or hollow fiber, is of a small pore size (typically 0.10-0.22 μm), which is relatively expensive and easily subjected to membrane fouling and high energy is needed to maintain the constant flux (Krauth & Staab ; Brindle & Stephenson ) .
DM, mainly composed of sludge flocs, has the advantages of cost-effectiveness, reduced energy consumption and excellent effluent quality (Fan & Huang ) . For instance, Fan & Huang () used a mesh filter as membrane modules, but replaced the suction pump by using a gravity head to provide trans-membrane pressure for membrane filtration. With further developments, nonwoven fabric filters were applied due to their obvious cost advantages compared with other membrane modules (Seo et al. ) . These developments significantly reduce the cost of membrane separation and energy consumption. In particular, a submerged hybrid MBR has recently become a very hot topic of wastewater treatment technology (Artiga et al. b; Liu et al. ) . The comparison of an MBR and hybrid MBR in performance was conducted for the treatment of synthetic water containing a toxic compound (Lesage et al. ) . The hybrid MBR confirmed the favorable condition of membrane fouling control (Liu et al.
).
To improve the removal efficiency and stability of the bioreactor, various additives have received great attention in the sewage treatment, especially for the bio-carrier of attapulgite (AT) (Huang et al. ; Duan et al. ; Zhang et al. ) . AT clay is a crystalline hydrated magnesium silicate with a fibrous morphology, large specific surface area and moderate cation exchange capacity, which is beneficial for the adsorption of heavy metals from solution (Chen & Wang ) .
Based on the aforementioned technologies, a novel submerged dynamic membrane bioreactor (sDMBR) with the addition of AT was developed for monitoring the treatment performances of municipal wastewater with comparison to a non-AT-addition sDMBR. Furthermore, in order to understand the mechanisms of how AT addition influences the sDMBR treatment performances, the variations of microbial community structure and function after adding AT were investigated by using polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE). As a prerequisite for a large-scale popularization and application, these fundamental tests could provide detailed information of microbial community structure and the theoretical basis of sDMBR.
MATERIALS AND METHODS

Experimental setup and operation conditions
Two laboratory-scale sDMBR systems with the same type of membrane modules and identical reactor volumes were constructed ( Figure 1 ). These bioreactors consisted of two parts, including a reactor tank in which a DM filter (polyethylene (PE) non-woven filter module) was situated and The characteristics of the wastewater and the operating conditions of sDMBR system are listed in Table 1 .
Analytical methods
Chemical oxygen demand (COD), total nitrogen (TN), total phosphorus (TP) and ammonia (NH Quality of municipal wastewater used in this study 
DNA extraction and nested PCR
The seed activated sludge, mixture liquid and DM of sDMBR with and without AT addition were prepared for DNA extraction. Genomic DNA was extracted from the pellets using a Fast DNA spin kit (Bio101, Qbiogene Inc., Carlsbad, CA) with a small modification at the initial step:
1 mL of sodium phosphate buffer solution was added and mixed with the sample by a hand-held blender, and then the tube was sonicated for 30 s on ice. The remaining steps followed the manufacturer's instructions. The product from DNA extraction was verified by electrophoresis in 0.7% (w/v) agarose. To minimize the variation in DNA extraction, the templates used for nested PCR quantification were prepared from the mixture of DNA, which was extracted in triplicate for a sample.
DGGE fingerprints and statistical analysis
The PCR-amplified DNA fragments were separated on polyacrylamide gels (8%, 37.5:1 acrylamide-bisacrylamide) in 0.5TAE buffer (20 mM Tris-acetate, 10 mM sodium acetate, 0.5 mM Na2EDTA, pH 7.4) using a denaturing gradient ranging from 30 to 60% (100% denaturant contains 7M urea and 40% (vol/vol) formamide). The amplicons were purified with Wizard PCR preps (Promega), and then aliquots (2 mL) of purified amplicons were quantified densitometrically. For DGGE, 100 ng of purified amplicons was used. DGGE was The scanned gel images were analyzed using Quantity
One imaging devices (Bio-Rad, Hercules, CA, USA).
Additionally, species richness and equitability index were calculated by the following equation (Stamper et al. ) :
where P i is the relative probability of the bands in a gel lane.
H was calculated on the basis of the bands on the gel lane that were applied for the generation of the dendrograms by using the intensities of the bands as judged by peak heights in the densitometric curves.
The P i was calculated as:
where n i is the height of a peak and N is the sum of all peak heights in the densitometric curve.
The dissimilarity index (D) was adopted to show the difference among the communities (Hiraishi et al. ):
where P x ik ¼ P x jk ¼ 1:00 and x ik and x jk represent the ratio of relative band intensity for sample i and j in the location of band number k. Dissimilarity indices were expressed numerically within a range of 0 (perfectly similar) to 1.00 (completely dissimilar). We detected consistent and significant changes among our treatments in the 16S rRNA gene libraries composition using Unifrac tests, P-tests, and principal coordinate analyses (PCoA).
RESULTS AND DISCUSSION
Biological removal performance
The single factor analysis of AT doses was conducted in series batch experiments. UV 254 and DOC removal efficiencies before and after AT addition were compared to investigate the optimum AT dosage. Following the increase of the AT doses from 3 to 7%, the removal efficiencies of both UV 254 and DOC were increased to a maximum value and then decreased with an optimum dosage range. Five per cent of AT/MLSS (g/g) addition owned the best removal efficiencies for both of the UV 254 and DOC (Table 2 ).
The comparison of treatment performances between the sDMBRs with and without AT addition during lengthy operation is summarized in Table There were significant differences of the DOM frac- Figure 3) showed that both the mixed liquid in the AT added reactor and DM were higher than the seed sludge and the reactor without AT addition. The total DNA concentrations of the G2 and G3 with AT addition reached 300 and 250 ng/μL, respectively, which were significantly higher than the seed sludge and the reactor without AT addition.
Moreover, MLVSS/MLSS in the sDMBR with AT addition both for the mixture liquid and the DM were higher than in the sDMBR without AT addition. It was also proved that the AT addition made the process more stable and enriched the microorganisms. The impact of AT addition on the reactor is shown in Figure 4 . DGGE profiles of bacteria distribution demonstrated that higher diversity was obtained by adding AT into the reactor. The unweighted pair group method with arithmetic mean (UPGMA) similarity analysis of the microbial community (Lozupone & Knight ) exhibited that the G2 and G3 with AT addition were clustered together, while G4 and G5 were clustered 8, 10, 11, 12, 13, 14, 15, 17, 18, 20, 21, 22, 24 and 25 had a high intensity in all of the samples. Particularly, band 5 contributed a similar high intensity of the samples. In the seed activated sludge, bands 5, 10, 20, 21, 23 and 24 were consistently thick throughout the operation and independent on AT addition, while bands 8, 11, 15 and band 31 gradually became prominent. In contrast, band 32 was only present in seed activated sludge while band 32 was only present in the G2 sample. The high intensity of the bands detected in the reactor without AT addition showed high abundance of the microbial community. The richness (R) for all the DGGE band patterns was calculated by using the respective band data analyzed by the Quantity software. Numerical analysis of microbial community diversity and the dissimilarity among the samples is shown in Table 5 . Based on the band patterns, the dissimilarity between seed sludge and the samples with and without AT addition ranged from 0.392 to 0.565. It could be concluded that the microbial communities in the DM samples G3 and ), the results proved that the microbial communities in DMBR may be similar. However, the higher diversity in the sDMBR with AT addition both for the DM and mixture liquid indicated that the microbial community was enriched after AT addition.
Bacterial community and phylogenetic analyses
The DGGE analysis method may have specific limitations such as band crowding or malposition during the electrophoresis. The agreed primer of DGGE also can not cover or separate all kinds of bacteria. Occasionally, special
classes cannot be discerned due to their migration to identical positions in the gel and thus further qualitative analysis needs to be taken. To understand the detailed community structure, 16s rRNA gene cloning library of the microbial community was established. The effect of the AT addition on the microbial functional diversity was investigated. The phylogenetic tree of the samples taken from the sDMBR with (SEUDM4) and without (SEUDM1) AT addition is shown in Figure 5 and Table 6 . In total, there were nine phyla: α-Proteobacteria, β-Proteobacteria, γ-Proteobacteria, δ-Proteobacteria, Firmicutes, Acidobacteria, Bacteroidetes, Nitrospira and Planctomycete. In the phylum of the Firmicutes, the Lactococcus-like genus which contains Homofermentors species with a single product-lactic acid (Buyze et al. ) were detected in both SEUDM4 (four clones) and SEUDM1
(one clone). In the dominated phylum of β-Proteobacteria, 34
and 26 clones were detected inSEUDM4 and SEUDM1, respectively. There were eight clones of γ-Proteobacteria detected in SEUDM4 compared to 15 clones detected in SEUDM1. There were three and two clones of γ-Proteobacteria detected in SEUDM1 and SEUDM4, respectively. In the phylum of the Acidobacteria, two clones of SEUDM4
and one clone of SEUDM1 were detected as Acidobacteriaceae. In the phylum of Bacteroidetes, six clones were detected as Trachelomonas-like and Sphingobacteria-like in SEUDM1 and eight clones were detected in SEUDM4.
There were 13 clones of uncultured-Bacterodetes-like in SEUDM1, but only one clone in SEUDM4 was detected.
In total, 22 clones in SEUDM4 and 30 clones were detected in the phyla of Bacteroidetes. The nitrite-oxidizing bacteria were detected in both of the samples, which was important for nitrogen removal in the system and these belong to the genus of Nitrospira (Juretschko et al. ). Moreover, two clones of Planctomycete were detected in both of the samples.
Among the Planctomycete (Strous et al. ), there were some unusual bacteria such as an ammox bacteria which contributed to the nitrogen cycle. Furthermore, the microbial community structure of the SEM proved to have high diversity cellular morphology in our previous study during the reactor start up (Duan et al. c) . All indices support our observation that microbial communities became more diverse after AT addition. Our previous study showed that a dense layer of porous dynamic film was formed on the non-woven surface with a high density of microbe. Similar results of a variety of The emergence of granular sludge in the DM clarified the high TN removal efficiency with functional community layers in the reactor after AT addition. AT was a favorite biological carrier for the microbial ecology, which enriched microbial abundance and community diversity of the sDMBR.
